T
HE minimum calcium requirement of growing rabbits has not been determined. In practice dietary calcium levels have been based largely on information gained from other animals. Commercial rabbit diets commonly contain 0.8 to 1.0% calcium.
Since the domestic rabbit is extensively used as an experimental animal and is increasingly used as a source of edible meat, particularly in the Los Angeles and New York City areas, an understanding of the calcium nutrition of the rabbit is desirable.
The minimum dietary phosphorus requirement of the growing rabbit has been found by Mathieu and Smith (1961) to be approximately 0.22% of the diet.
Materials and Methods
Female New Zealand White rabbits, 4 to 6 weeks of age, were used in a series of three trials designed to determine the minimum calcium requirement. The animals were fed diets ad libitum which had been compressed into pellets 4.8 mm.X6.4 mm. in size. Except for calcium, these diets were formulated to meet the present N.R.C. (1954) requirements. All animals were individually housed in wire cages containing 0.56 m. 2 of floor space. Water cups were cleaned daily. Prior to putting the animals on experiment the coccidostat, sulfaquinoxaline, was added to the water of all animals in the proportion of 1:1000 by weight for 2 days, then reduced and eliminated during the next 5 days. During this time the animals were introduced to the experimental diets.
Animals were randomly allotted to treatments on the basis of weight. Animal weight gain and feed intake were recorded at weekly intervals.
Blood was taken by heart puncture at the end of the growth trials and at approximately 1-week intervals in the serial blood trial in quantities of 12 ml., to which 0.2 ml. of a 2 % sodium heparin solution (100 units/mg.) was added. Plasma calcium was determined according to the method of Clark and Collip '-Present address: Elliott Feed and Seed Co., Perrydale, Oregon. (1925) and plasma inorganic phosphorus, by the method of Fiske and Subbarow (1925) . The feed was analyzed for calcium (A.O.A.C., 1955) and total phosphorus (Koenig and Johnson, 1942) .
Femurs were dissected free from all flesh, weighed immediately, freeze dried for 48 hr. at 20 ~ C. under a vacuum supporting 200 microns of mercury, ether-extracted for 3 days and dried in a desiccator under vacuum to a constant weight. The bones were then ashed at 800 ~ C. to a constant weight. The atlas vertebrae, when collected, were dried and "fed" to the leather beetle, Dermesfes vulpinus, which cleaned the bone of all flesh.
The dried vertebrae were then ether-extracted and ashed.
Tibias were collected and fixed in formalin for histological examination. Composition and proximate analysis of the experimental diets are given in table 1. Data were reduced for interpretation by analysis of variance (Li, 1957) . Experiment 1. In the first experiment forty 5-to 6-week-old rabbits, averaging 1020 gm. in weight, were randomly assigned to eight different diets (five rabbits per treatment) which varied in calcium content from 0.16 to 0.65%. Dietary phosphorus was held constant at 0.37%. The experiment lasted 7 weeks. Experiment 2. Since rabbits grew most rapidly when fed the diet containing 0.16% calcium in experiment 1, the lowest level tested, it was obvious that even lower levels should be studied, and this was done in experiment 2. Thirty-six rabbits, 4 to 5 weeks of age and averaging 720 gm. in weight, were randomized into six treatment groups (six animals per treatment) ranging from 0.07 to 0.25% calcium. The phosphorus level was held at 0.39%. The experiment lasted 10 weeks. Experiment 3. To supplement the observations of experiment 2, experiment 3 was designed. Forty-eight" rabbits, 4 to 5 weeks old and averaging 953 gin. in weight, were randomly assigned to six different diets (eight animals per diet) ranging from 0.12 to 0.37% 67 Serial Blood Trial. Ten 4-to 5-week-old male rabbits, averaging 931 gin. in weight and fed a commercial diet containing 0.8% calcium, were bled by heart puncture and then placed on the experiment-2 basal diet (0.07% calcium and 0.39% phosphorus) and bled at approximately 1-week intervals.
Results
Experiment 1. A summary of observations is given in table 2. There were no significant differences among treatments in the rate or efficiency of weight gains, nor in the levels of blood calcium or inorganic phosphorus. It would thus appear that the minimum calcium requirement for growth of rabbits is less than 0.16% of the diet. The minimum dietary calcium requirement for maximum bone calcification appeared to be at least 0.30%. Experiment 2. The summarized data in table 3 show that a diet containing 0.25% calcium was associated with faster gain and higher bone ash than lower dietary levels. Improvement was not significant when compared with the 0.20% calcium level, but it was significantly (P<.05) greater than with diets containing 0.17 % calcium. Plasma calcium and inorganic phosphorus levels and feed efficiency were not different in rabbits fed 0.20 or 0.25% calcium levels, but the values were significantly different for rabbits fed lower calcium levels.
Based upon these data, the minimum calcium requirement for growth of young New Zealand White rabbits appeared to be between 0.20 and 0.25% of the air-dry diet. The dietary calcium levels used were too low to establish the minimum requirement for maximum bone calcification.
Experiment 3. The data of experiment 1 suggested that the minimum calcium requirement for most rapid weight gains in rabbits was less than 0.16% of the diet, while the data of experiment 2 indicated that 0.17% dietary calcium would not support optimum gains. Experiment 3 was designed to resolve this disagreement. It will be noted in resulted in a significantly lower rate of gain and an apparent decrease in efficiency of gain. The minimum dietary calcium level required for maximum bone ash approximated 0.32%. Increasing the calcium level from 0.32 to 0.37% generally produced small and insignificant changes in bone values, while dietary calcium levels less than 0.32% resulted in larger changes.
The plasma calcium concentration continued to rise as the dietary calcium level increased, while plasma inorganic phosphorus showed no significant change in this trial.
Serial Blood Trial. The results of this trial are presented in figure 1 and discussed in the following section.
Discussion
It can be concluded that in a well-formulated diet containing approximately 70% TDN, a dietary calcium level of approximately 0.22% (on an air-dry basis) will support maximum rate and efficiency of gain in young, growing rabbits. In these experiments the phosphorus level of the diets was kept at 0.37 to 0.39%.
The femur from a calcium-deficient rabbit contained a higher percent of moisture and ether extract and a lower percent of ash, and had a lower specific gravity than one obtained from an adequately-fed rabbit. A wellcalcified femur contained approximately 40% moisture, 15 to 20~ ether extract (expressed as percent of dry weight) and 60% ash (expressed as percent of the dry, ether-extracted weight). Moisture and ether extract levels reached a plateau when the dietary calcium level was just adequate (0.22~o) to support maximum gain, while bone ash and bone density increased as the calcium level was increased to 0.37 orO.44%.
The rabbit, in contrast to most species, does not have a good homeostatic mechanism to maintain blood calcium and inorganic phosphorus concentrations within narrow limits of variation. For this reason blood calcium and phosphorus values are not good indicators of the minimum dietary calcium requirement.
Animals fed a calcium-deficient diet will attempt to maintain plasma calcium levels, supposedly by mobilizing bone reserves. When fed a 0.07% calcium diet, plasma calcium can be maintained for about 30 days at 13 to 15 rag./100 ml., after which it drops rapidly. The animal usually dies when the p!asma concentration of calcium approaches 7 rag./100 Figure 1 . Serial blood changes of rabbits fed a calcium deficient (0.07%) diet.
ml. Plasma inorganic phosphorus increases during this time, but not enough to maintain the (calciumXphosphorus) ion product at the normal level of about 100 to 110. In the present study only one rabbit was alive at the end of 87 days, and it had a plasma calcium level of 7.6 rag./100 ml. and an inorganic phosphorus level of 9.7 rag./100 ml. This animal was then offered a diet containing 4.5% calcium and 0.34% phosphorus. It began to eat immediately and, when its plasma calcium level was determined 11 days later, it had risen to 22.3 mg./100 ml. calcium and the inorganic phosphorus level had fallen to 4.5 mg./100 ml. One healthy animal, when fed the above diet containing 4.5% calcium, showed a consistently high plasma calcium level of 25 to 30 rag./100 ml. (four bleedings over a 1-month period) with a correspondingly low plasma inorganic phosphorus concentration of 1.8 mg./100 ml. Grossly, calcium-deficient rabbits appeared lethargic, pot-bellied and became progressively weak. There was a complete loss of appetite that could be reversed by offering an adequate diet. Mere handling of such animals frequently resulted in bone fractures. Posterior paralysis was a common consequence of spontaneous fracture of the vertebrae. Tetany was not observed.
The plasma calcium concentration fell from a normal of about 15 to about 7 rag./100 ml. before death. Plasma inorganic phosphorus increased during this same period from a normal value of 7 to 8 rag./100 ml. to 10 mg./100 ml. or higher, which was not enough to maintain the calciumXphosphorus ion product at the normal value of 90 to 110.
On autopsy the lack of bone calcification was obvious. There was frequent evidence of previously-broken ribs, and the ribs were not beaded at the costochondral junction. Bones were easily cut with a knife, and the scapula was particularly soft and very thin.
Histologically, the classical picture of rickets was not observed. The cartilaginous growth plate of the femur was of normal width with a sharp and straight line of demarcation separating the zone of calcifying cartilage and the zone of erosion and ossification. There were not as many trabeculae stretching into the medulla of the diaphysis, and those present were not as long as in the femur of the higher calcium-fed rabbits. An increase in fibrous tissue indicated that bone mineral had been removed, resulting in osteitis fibrosa.
Summary
One hundred thirty-four rabbits were studied in a series of experiments to determine the minimum calcium requirement for growing New Zealand White rabbits. Dietary phosphorus levels were 0.37 to 0.39% of the air-dry diet.
Rabbits required approximately 0.22 % calcium in the diet for maximum rate and efficiency of gain. Dietary calcium levels of 0.35 to 0.4% were required for maximal bone calcification.
In contrast to many species, the blood calcium level of rabbits readily reflects dietary intake. Values as high as 25 to 30 rag./100 ml. of plasma were observed in rabbits fed diets containing high calcium levels (4.5% of the diet).
